Abstract. Gibberellic acid (GA 3 ) increases juice yield of processing oranges, but results are inconsistent. Preliminary research suggested that this variability might be related to application timing. Therefore, we conducted an experiment to determine the optimal time to apply GA 3 for increasing juice yield of 'Hamlin', 'Pineapple', and 'Valencia' sweet oranges [Citrus sinensis (L.) Osb.]. Mature trees of each cultivar were sprayed with ≈10 L of a solution of GA 3 (45 g·ha -1 a.i.) and organo-silicone surfactant (Silwet, 0.05%) between 2 Sept. and 9 Dec. 1998, and 25 Sept. and 9 Dec. 1999, or remained non-sprayed (control). Generally, the earliest application dates were most effective at maintaining peel puncture resistance above that of control fruit, while the latest application dates resulted in the most green peel color at harvest. Juice yield of 'Hamlin' and 'Valencia', but not 'Pineapple', was increased by GA 3 at some application timings and harvest dates in both years. The increase in juice yield was related to time between application and harvest; juice yield of 'Hamlin' was greatest ≈2 months, and 'Valencia' ≈5 months after GA 3 application. Treated fruit often had lower juice Brix than non-sprayed fruit, a phenomenon that often paralleled treatment effects on peel color. When treatments did not increase juice yield but reduced juice Brix, then yield of solids was sometimes lower than for non-treated fruit. Treatments generally delayed flowering of 'Pineapple' and 'Valencia' but not 'Hamlin'.
Gibberellic acid (GA 3 ) has been applied to citrus trees since the late 1950s to delay peel maturity and thereby prevent, or reduce the severity of, senescence-related peel disorders (Coggins, 1969; Davies, 1986) . In the fall, cool temperatures induce peel color break, a green to yellow color change of the flavedo as chloroplasts are converted to chromoplasts (Coggins and Jones, 1977) and peel puncture resistance (PPR) gradually declines (Coggins and Lewis, 1965) . Peel senescence may become pronounced, especially if fruit is "stored" on the tree for several months after attaining legal maturity. Tree-stored fruit can retain good internal quality for several months; however, the peel of non-GA 3 treated fruit may deteriorate because peel senescence sometimes begins before fruit has attained internal maturity (Coggins, 1969) . Senescent peels are typically thought of as a fresh fruit problem (Davies, 1986) , but fruit that are mechanically damaged during harvest or those with overly soft or deformed rinds are also culled before processing (Davies et al., 1997) .
The potential for GA 3 to extend the fresh citrus fruit harvest season recently prompted Florida citrus growers and processors to test the effects of GA 3 on processing fruit (Davies sweet (Citrus aurantium L.) , sour orange (Citrus aurantium L.), or Carrizo citrange [Citrus sinensis (L.) Osb. x Poncirus trifoliata (L.) Raf.] rootstocks, respectively. 'Hamlin' and 'Pineapple' trees were planted in 1981 and 'Valencia' trees in 1975. All trees were located in a commercial orchard near Arcadia, Fla. Experimental trees were selected on the basis of uniform size, appearance, and estimated crop load and were surrounded by nonexperimental border trees.
Application of GA 3 . A backpack sprayer (Solo, Newport News, Va.) was used to apply ≈10 L of a GA 3 (ProGibb, Valent BioSciences, Chicago; 45 g·ha -1 a.i.) and organo-silicone surfactant (Silwet, Setre Chemical Co., Memphis, Tenn.; 0.05% v/v) solution to each tree. Applications were made on 12 different mature 'Hamlin' and 'Pineapple' orange trees on 2 Sept., 25 Sept., 10 Oct. (before color break; hue angle ≥120°) or 12 Nov. 1998 (after color break; hue angle ≈107°) and 25 Sept. (before color break; hue angle ≥120°), 27 Oct. (about color break; hue angle ≈110°), or 19 Nov. 1999 (after color break; hue angle ≈100°). The same solution was also applied to 12 different 'Valencia' orange trees on 25 Sept., 10 Oct., 12 Nov. (before color break; hue angle >120°) or 8 Dec. 1998 (after color break; hue angle ≈108°) and 25 Sept., 27 Oct. (before color break; hue angle ≥120°), 19 Nov. (about color break; hue angle ≈110°) or 9 Dec. 1999 (after color break; hue angle ≈105°). Each year, 12 additional 'Hamlin', 'Pineapple', and 'Valencia' trees remained nonsprayed (controls). The experiment consisted of a randomized complete-block design with five treatments and 12 trees per treatment.
Each tree received the same treatment both years except for 1999 when 'Hamlin' orange trees did not receive an early September spray and 'Pineapple' orange trees were not tested after the grower applied GA 3 to the entire 'Pineapple' grove. Application timing and the number of replicates used were suggested by previous studies (Davies et al., 1997 (Davies et al., , 1999 .
Fruit quality tests. Fruit were harvested two or three times each season during the normal harvest period of each cultivar. At each harvest, two samples of fruit were randomly collected at a 1-to 2-m height around each tree. One sample consisted of 10 fruit that were washed, air-dried, and evaluated for peel color, peel puncture resistance (PPR), fruit diameter, and peel thickness. Peel color (hue) was measured with a Minolta chroma meter (Minolta Inc., Ramsey, N.J.). Peel puncture resistance was measured with an AccuForce® force gauge (Ametek, Largo, Fla.) that recorded the peak force sustained by the peel when subjected to a cylindrical, 0.5-mm-diameter, steel probe. Fruit diameter and peel thickness were measured at the fruit equator with calipers. Average peel color and PPR of each fruit were determined from three measurements per fruit (made equidistant around the fruit equator). Another sample of ≈10 kg of fruit was collected from each tree and transported to the Dept. of Citrus at Lake Alfred, Fla., for juice yield and quality tests. Each sample was juiced according to Florida State et al., 1997). Early reports suggested that GA 3 did not affect juice yield (Coggins, 1969; Davies, 1986) , but recent research found that GA 3 -treated fruit yielded up to 10% more juice than non-treated fruit (Davies et al., 1997 (Davies et al., , 1999 (Davies et al., , 2001 . Such an increase would be of considerable economic benefit to Florida citrus growers because processed fruit value increases with juice yield and Brix (Braddock, 1999) . Therefore, it is desirable to develop management practices for optimization of juice yield by GA 3 .
The efficacy of GA 3 with respect to peel senescence is related to the physiological age of the fruit and to the amount of time between application and harvest (Greenberg et al., 1992) . Thus, timing of GA 3 application might also be critical for maximization of juice yield (Davies et al., 1999) . Late fall application of GA 3 can reduce or delay subsequent flowering in citrus (Monselise and Halevy, 1964) , a factor that must be considered in timing recommendations. Thus, we conducted research between 1998 and 2000 to determine the effect of GA 3 application timing on fruit quality and subsequent flowering of 'Hamlin', 'Pineapple', and 'Valencia' sweet oranges in Florida.
Materials and Methods
Plant material. Experiments were conducted on 'Hamlin', 'Pineapple', and 'Valencia' orange [Citrus sinensis (L.) Osb.] trees in 1998 and 1999. Trees were on Bitter-test standards (Wardowski et al., 1995) using an FMC Model 091 juice extractor. Juice weight, Brix, acid, and ratio were determined using standard techniques (Wardowski et al., 1995) . Experimental design and analysis. The experiment was established as a randomized complete-block design, but there were no block effects (data not shown), so the data were reanalyzed as a completely randomized design. Data were subjected to the general linear model procedure (SAS Institute, Cary, N.C.) for analysis of variance (ANOVA). To test whether the variables changed over time, data were subjected to ANOVA as a split-plot in time with treatments as the main plot and harvest time as the subplot. The effect of harvest time was significant for each variable (P ≤ 0.05; data not shown), and data were then subjected to analysis of variance by date and treatment. When treatment effects were significant, treatment means were separated within dates using Duncan's new multiple range test (DNMRT). To examine relationships among variables, fruit quality data were subjected to regression analysis using PROC REG (SAS Institute Inc.).
Results and Discussion
Peel hue angle (H°) and PPR decreased with time for each cultivar during both seasons (Tables 1-5 ). Fruit from GA 3 -treated trees usually had higher H° (were more green) and greater PPR than fruit of control trees; however, application timing affected both variables. For example, peel H° of 'Hamlin' and 'Pineapple' fruit treated with GA 3 in early September was often comparable to that of non-sprayed fruit by the final harvest (Tables  1-3) , whereas fruit receiving late sprays generally had greener peels than other fruit, particularly for late harvests. In contrast, the highest PPR was usually achieved with an early GA 3 application, even for late harvests (Tables  1-5) .
Thus, peel color development may be inhibited or reversed (Huff, 1984) , even by postcolor break sprays, but the progressive decrease in PPR can best be slowed by GA 3 applied before color break. Moreover, the GA 3 effect on PPR is longer lasting than its effect on peel color (if applied early enough). These findings are consistent with the effects of GA 3 on puffing of mandarin and creasing of orange, where early application reduces the breakdown of albedo tissue without affecting peel color development (Greenberg et al., 1992; Monselise et al., 1976; Pozo et al., 2000) . Therefore, GA 3 effects on peel hue and PPR, although often positively correlated (Coggins and Lewis, 1965) , appear to be independent. - (Tables  4-5 ); ≈5-6 months vs. 7-8 months, respectively.
Juice yield remained relatively constant among harvest dates for each cultivar (Tables  6, 7) . However, there were significant treatment effects on juice yield of 'Hamlin' and 'Valencia' oranges on certain harvests during both seasons. 'Hamlin' oranges sprayed on 25 Sept. 1998 yielded more juice than nonsprayed fruit on 8 Dec. 1998. On 20 Jan. 1999, fruit sprayed on 10 Oct. 1998 yielded more juice than fruit treated on 2 Sept. 1998 but not more than non-sprayed fruit (Table 6 ). There were no treatment effects on juice yield on 17 Feb. 1999. Thus, the greatest juice yield for 'Hamlin' oranges was achieved when fruit were harvested between 1.5 to 3 months after application. The following season, there were no significant treatment effects on 7 Dec. 1999. However, on 5 Jan. 2000, fruit treated on 27 Oct. 1999 (≈2 months before harvest) yielded more juice than nonsprayed fruit or fruit treated on 12 Nov. 1999.
Gibberellic acid application on 12 Nov. 1998 increased 'Valencia' juice yield over non-sprayed fruit when harvested on 23 Apr. 1999, ≈5 months later (Table 7) , but treatments did not affect juice yield on 13 May 1999. The following season, 'Valencia' fruit sprayed on 27 Oct. or 19 Nov. 1999 yielded more juice on 10 Mar. 2000 than fruit sprayed on 25 Sept. or non-sprayed fruit (Table 7) . On 10 May 2000, fruit sprayed on 9 Dec. yielded more juice than nonsprayed fruit, although fruit sprayed on 25 Sept. yielded less juice than other GA 3 application times and non-sprayed fruit. Thus, GA 3 increased juice yield of 'Valencia' oranges in 1998-99 and 1999-2000 when applied ≈5 months before harvest. Juice yield of 'Pineapple' oranges was not affected by GA 3 application during the one season tested (data not shown).
The magnitude of the juice yield increase (≈4%, standardized to control) was comparable to that observed in previous studies (Davies et al., 1997 (Davies et al., , 1999 (Davies et al., , 2001 . Time between application and harvest affected the amount of juice increase because the optimal application time advanced with harvest date for 'Hamlin' in 1998-99 and for 'Valencia' during both seasons. Juice yield of 'Hamlin' responded to a shorter time between application and harvest than did 'Valencia', which was also observed for peel color and PPR. Although GA 3 did not enhance juice yield of 'Hamlin' nearly as frequently as it did for 'Valencia' (relative to controls, only the 25 Sept. 1998 application increased juice yield of 'Hamlin' on 8 Dec. 1998), these findings agree with those of Davies et al. (1997) , who observed that GA 3 applied in mid-September to two different groves increased juice yield of 'Hamlin' in both groves in mid-December but not in January or February. Apparently, application date is more critical for 'Hamlin' than for 'Valencia'. The fact that GA 3 did not affect juice yield of 'Pineapple' is surprising because GA 3 substantially increased juice yield of this cultivar in a previous study (Davies et al., 1997) . However, GA 3 was less effective in modifying fruit quality variables of 'Pineapple' fruit compared with 'Hamlin' or 'Valencia'.
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How GA 3 increased orange juice yield is unknown. Autumn application of GA 3 increased late-season juice yield of satsuma mandarin (Citrus unshiu Marc.) and 'Sun- -Luis et al., 1985; Pozo et al., 2000) by suppressing the normal decrease in juice content. In contrast, we found that GA 3 increased juice yield of 'Hamlin' and 'Valencia' relatively early in the season when juice yield was not appreciably declining. Moreover, GA 3 -treated 'Hamlin' and 'Valencia' fruit always had the highest juice yield of the season.
Gibberellic acid reduced the peel : pulp ratio of mandarins (Garcia-Luis et al., 1985; Pozo et al., 2000) , but in our study neither fruit diameter nor peel thickness were affected by GA 3 (data not shown). Therefore, GA 3 probably did not increase juice yield by increasing pulp volume. Differential water loss between GA 3 and non-GA 3 treated fruit probably cannot account for differential juice yield because GA 3 did not affect peel wax content (El-Otmani et al., 1986) or fruit water loss (El-Otmani and Coggins, 1991) , although it did affect wax composition (El-Otmani et al., 1986 ).
An alternative hypothesis is that GA 3 altered the physical or rheological properties of the fruit such that the efficiency of mechanical juice extraction was enhanced. Oranges with senescent peels sometimes burst during juice extraction (J. Keithly, personal communication), possibly allowing some pulp to escape the juice stream. Thus, fruit having GA 3 -strengthened peels might lose less juice during extraction than nonsprayed fruit having mechanically weaker peels. In an earlier study, PPR was highly correlated with juice yield (Davies et al., 1997) , providing further evidence that GA 3 might enhance juice yield by increasing peel strength. However, in the present study, there was no consistent correlation between PPR and juice yield. Nevertheless, we are presently testing whether GA 3 affects various fruit rheological properties that might affect juice yield.
Juice Brix increased during the harvest season for all cultivars as expected. However, 7.8 a 2.6 b 2.9 b 9 Dec.
------4.3 ab Non-sprayed 8.7 a 6.5 a 6.8 a some GA 3 treatments resulted in lower juice Brix at harvest during both seasons for all cultivars (Tables 8, 9 ). 'Hamlin' oranges treated with GA 3 on 25 Sept., 10 Oct., and 12 Nov. 1998 had lower juice Brix than control fruit on 8 Dec. 1998. On 20 Jan. 1999, the 10 Oct. and 12 Nov. 1998 GA 3 treatments reduced juice Brix, but only the 12 Nov. 1998 application resulted in lower Brix by 17 Feb. 1999. Thus, GA 3 reduced 'Hamlin' juice Brix within 1 month of application and the effect persisted for 2.5 to 3 months. In 1999-2000, only GA 3 applied ≈2 months before harvest reduced juice Brix on 7 Dec., but GA 3 applied on all dates reduced juice Brix on 5 Jan., which was between 2 and 3 months after application.
Effects of GA 3 on 'Valencia' juice Brix lasted longer than for 'Hamlin'. All GA 3 treatments resulted in lower 'Valencia' juice Brix than controls for fruit harvested on 23 Apr. and 13 May 1999, except for fruit treated on 27 Oct. 1998 that did not have lower juice Brix than control fruit on 13 May. Therefore, GA 3 effects persisted up to 7 months. Similar results were observed in 2000 when GA 3 applied between 27 Oct. and 9 Dec. 1999 generally reduced juice Brix from 10 Feb. through 10 May. As observed for other fruit quality variables measured, 'Pineapple' juice Brix was much less affected by GA 3 than was 'Hamlin' or 'Valencia', with only the 12 Nov. 1998 application date reducing juice Brix on 3 Feb. 1999 (data not shown).
Most studies indicate that GA 3 does not affect juice Brix (Coggins, 1969; Davies, 1986; Davies et al., 1997) . However, Coggins and Hield (1958) found that green peel color increased and juice Brix decreased related to the amount of GA 3 applied to 'Valencia' oranges. Cary (1975) also reported that gibberellin sprays accentuated regreening and reduced juice Brix of 'Valencia' oranges when both mature and small fruit were on the tree. Sites and Reitz (1950) found that 'Valencia' oranges with green peels tended to have lower total soluble solids than fruit with yellow-or orange-colored peels. Similarly, Pozo et al. (2000) reported that GA 3 sprays temporarily reduced 'Sunburst' tangerine juice Brix. Thus, our findings add to the evidence that fruit having natural or GA 3 -induced green peel color may also have lower juice Brix.
It is not known how GA 3 could reduce juice Brix. Brix was not related to juice yield (r 2 ≅ 0), so the reduction in Brix did not occur by dilution. However, there was an inverse association between green peel color and juice Brix. Application dates that resulted in the highest peel hue angles (most green color) usually had the lowest juice Brix, whereas control fruit, which usually had the lowest peel hue angles, typically had the highest juice Brix. Peel hexose levels are inversely related to peel chlorophyll levels (Huff, 1984) and GA 3 increased navel orange peel respiration (Lewis et al., 1967) . Perhaps GA 3 affects the peel vs. the pulp sink strength. We are currently conducting research to determine how GA 3 might affect juice Brix.
The value of fruit grown for processing in Florida is based on the weight of solids (°Brix × juice weight) per weight of whole fruit (Wardowski et al., 1995) . In this study, treatments sometimes reduced yield of solids if they did not increase juice yield but did reduce juice Brix (data not shown). None of the treatments increased yield of solids compared to non-sprayed fruit.
Applications of GA 3 in 1998 did not delay flowering of 'Hamlin' orange in 1999 (Table  10) . In contrast, all GA 3 applications delayed flowering of 'Pineapple', and late September and mid-November sprays delayed flowering of 'Valencia' trees. Gibberellic acid applied between November and January may inhibit citrus flower induction (Monselise and Halevy, 1964) as may the presence of fruit (GarciaLuis et al., 1986) . Thus, the cultivar's differential response to GA 3 might be related to its harvest time. In 1999, 'Hamlin' fruit were harvested in February but 'Pineapple' fruit were harvested in March (a few weeks prior to anthesis) and 'Valencia' fruit were not harvested until May (postanthesis). Garcia-Luis et al. (1986) contended that the fruit of a parthenocarpic cultivar of Citrus unshiu only inhibited flowering until they have completed peel color development. This does not appear to be the case in our study, however, because all GA 3 treatments delayed peel color development of 'Hamlin' through 17 Feb. but only two GA 3 treatments delayed peel color development of 'Pineapple' by that date.
In conclusion, GA 3 applied at about color break can enhance juice yield of 'Hamlin' and 'Valencia' oranges that are harvested 2 to 5 months later. Treatment effects on juice yield were variable but effective application and harvest dates were consistent with previous studies (Davies et al., 1997 (Davies et al., , 1999 (Davies et al., , 2001 . However GA 3 treatments also resulted in lower juice Brix in some cases, and yield of solids was sometimes reduced if treatments that reduced juice Brix did not increase juice yield. Additional research is needed to determine whether the positive effects of GA 3 treatment on juice yield may be separated from negative effects on juice Brix. Treatments delayed flowering of 'Pineapple' and 'Valencia' but not 'Hamlin', possible because 'Hamlin' fruit were harvested earlier than the other cultivars. Table 8 . Juice Brix of 'Hamlin' oranges sprayed with GA 3 (45 g·ha -1 a.i.) on different dates, Arcadia, Fla., 1998 -99, 1999 -2000 . 1998 -99 Season 1999 
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